Abstract: RNA helicases are a diverse group of RNA-dependent ATPases known to play a large number of biological roles inside the cell, such as RNA unwinding, remodeling, export and degradation. Understanding how helicases mediate changes in RNA structure is therefore of fundamental interest. The advent of single-molecule spectroscopic techniques has unveiled with unprecedented detail the interplay of RNA helicases with their substrates. In this review, we describe the characterization of helicase-RNA interactions by single-molecule approaches. State-of-the-art techniques are presented, followed by a discussion of recent advancements in this exciting field. In this review, we describe the characterization of helicase-RNA interactions by singlemolecule approaches. State-of-the art techniques are presented, followed by a discussion of recent advancements in this exciting field.
INTRODUCTION
Originally thought of as simple intermediaries in protein synthesis from a DNA sequence, it has become increasingly clear that RNA molecules play essential roles in almost every aspect of cellular metabolism. 1 RNA functions span diverse processes such as protein synthesis (as messenger RNA, mRNA, ribosomal RNA, rRNA, and transfer RNA, tRNA), [2] [3] [4] [5] [6] post-transcriptional precursor mRNA processing (as small nuclear RNA, snRNA, and small nucleolar RNA, snoRNA), [7] [8] [9] [10] [11] [12] maintenance of telomeres (as telomeric RNA), 13 and control of gene expression (as microRNA, miRNA, small interfering RNA, siRNA, antisense RNA aRNA, and riboswitches). [14] [15] [16] [17] [18] Moreover, RNA molecules are crucial in the action of parasitic entities like retrotransposons, viruses and satellite RNA. [19] [20] [21] Such functional diversity is brought about by the structural diversity of RNA, which can be somewhat surprising considering the limited number of building blocks: the four nucleobases adenine, guanine, cytidine and uracyl. 22 In addition to canonical base pairing, RNA molecules are also capable of forming numerous interactions, such as, base-stacking, non-canonical base-pairing, ribose 2'-hydroxyl bonding and metal ion binding. 23, 24 These interactions are essential to intermediates can, therefore, be directly observed provided that (i) time resolution is sufficient, and (ii) enough events can be captured to rule out experimental artifacts. 61, [63] [64] [65] [66] Over the years, single molecule approaches have led to an increasing number of fascinating discoveries. [67] [68] [69] [70] [71] [72] Here, we provide an overview on single molecule spectroscopy methods and how they have been successfully employed to characterize the interplay between helicases and their RNA substrates. Technical specifications, advantages and drawbacks associated with individual techniques are also briefly discussed. We would also like to direct the reader to other interesting reviews on related topics. 59 , 73-77
FORCE-BASED APPROACHES AND THEIR APPLICATION TO HELICASE-MEDIATED STUDY DUPLEX UNWINDING
The application of force to single molecules allows for probing and manipulating the folding energy landscape, as well as measuring the force generated by single biomolecules. 64, 78 These approaches do not typically require labeled samples, as they extend the biopolymer between two handles, or attachment sites. 64 Atomic force microscopy (AFM) and optical tweezers have been previously used to study the effect of helicases on RNA substrates (vide infra). 79, 80 Two other force-based techniques are magnetic tweezers and tethered-particle microscopy (TPM), which have both been successfully used to characterize DNA-helicases, but they will not be presented here. [81] [82] [83] [84] whereby the helicase binds to single-stranded RNA adjacent to the stem loop structure, thus causing its partial unwinding, whereas Ded1 dynamically unwinds the stem loop through low processive, ATP-dependent translocation. 80 In this study, the relative efficiency of two eukaryotic helicases to separate was assessed from the decrease in unwinding force. Future studies may involve eIF4G, which has been shown to stimulate eIF4A via a conformational guidance mechanism. 111 A valuable extension of analogous studies will involve time dependent force-extension plots (vide infra).
This will allow finding key mechanistic features of processive helicases, such as the number of base pairs unwound/ATP hydrolysed, the physical step size (mean distance/translocation step), as well as the kinetic step size (mean number of base pairs unwound/rate-limiting step).
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RNA translocation and unwinding mechanism of HCV NS3 helicase and its coordination by ATP. 112 The hepatitis C virus (HCV) non-structural protein 3 (NS3) is an SF2 DEAH-box helicase that plays a key role in viral RNA replication and an important drug target against HCV infection (Table 2) . 113, 114 In a study by Dumont and co-workers, NS3-catalyzed unwinding of dsRNA and translocation long the substrate was characterized using optical tweezers. 112 A 60 bp RNA hairpin with handles was attached to two beads and held under constant strain ( Fig. 2A) . The end-to-end distance of the RNA was measured in the presence and absence of NS3 to monitor helicase-induced RNA unwinding. Force-extension curves show that the presence of NS3 decreased the force required for unfolding from 20.4 pN (Fig. 2B , green) to 5 pN, though, this depends on the GC-content of the sequence. 115 To monitor NS3 unwinding activity, the RNA substrate was held at constant force in the 5 to 17 pN range, in the presence of the helicase (Fig. 2B, red) . The resulting time trajectories revealed stepwise increases of inter-bead distance, which was subsequently converted into basepairs ( Fig. 2C ), 116 and interpreted as unwinding steps and pauses. A histogram of pairwise distances (Fig. 2D ) revealed a periodic pattern of steps, suggesting that the cyclic behavior of NS3 is coordinated by ATP in discrete steps of 11 ± 3 bp that include rapid smaller substeps of 3.6 ± 1.3 bp, which reflect actual unwinding. However, in a follow-up study, step size was shown to be decreased to 9 ± 2 bp in the presence of long GC-rich stretches that were absent in the substrate used in the initial study. 115 Interestingly, the authors also observed apparent backward steps of 12 ± 3.6 bp corresponding to the stepwise refolding of the substrate after unwinding. This pronounced processivity is somewhat surprising, given that NS3 differs in only one of six conserved motifs from its phylogenetically-close relatives from the DEAD-box family of helicases, which are almost non-processive. 34 Mean pause duration of the NS3 helicase was found to be inversely proportional to ATP concentration, indicating that exiting from pauses requires ATP hydrolysis. Analysis of pause distributions below and above the Michaelis-Menten constant pointed the authors to propose a kinetic mechanism by which the helicase exits from pauses in two steps, only one of which involves ATP hydrolysis. The occurrence and duration of stalling was shown to depend upon the presence of GC islands of six or more basepairs but not three. 115 Furthermore, the stepping velocity of NS3 between pauses increases with ATP concentration indicating that each step consists of ATP-dependent substeps. Based on the kinetic data, the authors concluded that NS3 must bind ATP in each substep during unwinding. 112 The processivity of NS3 did not significantly depend upon either ATP or NS3 concentration above K D , but was strongly dependent on the force applied and also found to be affected by the base composition of the duplex. 115 In contrast, pausing and stepping velocity were independent of force indicating that NS3-mediated RNA unwinding activity is not limited by strand separation but by translocation.
Although the stepping velocity and K m were in good agreement with prior bulk experiments, the single molecule assays were seemingly in conflict with previous ensemble experiments reporting a step size of 18 ± 2 bp as compared to 11 ± 3 bp. 117 The authors
proposed that NS3 dimerization in bulk experiments may account for this difference, while the 3'-overhang used in the single-molecule study did not allow for dimer formation. 112 This hypothesis was further confirmed in subsequent bulk experiments. 115 In the proposed model, the NS3 monomer has two RNA binding sites; one site acts as a translocator and the other as a helix opener. 112 Both translocation and unwinding take place as ATP-dependent substeps, resulting in 11-basepair unwinding bursts. Following results further indicated that these substeps are preceded by active destabilization of the double-stranded region to be unwound, as opposed to opportunistic forward motion of the enzyme upon thermal fraying of the duplex. 115 In an independent fluorescence-based study carried out with double-stranded DNA, Myong et al. proposed an alternative model analogous to a loaded spring involving three successive ATP hydrolysis events driving the two domains forward in one-base-pair steps, followed by an abrupt 3 bp-separation using DNA. 118 To reconcile these findings,
Cheng and co-workers have recently used a homopolymeric GC sequence to avoid sequence-dependent variation in step size and to slow down the helicase. 119 Hence, their experiments at very low ATP concentrations (to further slow down the helicase) achieve 1 bp resolution. 119 They observed both large 11-bp unwinding steps and 1-bp unwinding events, thus reconciling fluorescence experiments with force spectroscopy studies. However, they also observed statistically significant higher-order 1.5-, 2-and 2.5-bp unwinding events.
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As the rate constants for unwinding were independent of substepping size, the authors proposed that higher-order steps are due to release of nucleotides held in previous rounds of unwinding, in agreement with recent crystallographic data (Fig. 2E) . 119, 120 This example illustrates how different single molecule approaches can be used alongside to improve our understanding of helicase-mediated double-stranded RNA unwinding.
FLUORESCENCE-BASED METHODS AND THEIR APPLICATIONS IN ELUCIDATING

RNA-HELICASE INTERACTIONS
Single-molecule Förster Resonance Energy Transfer (smFRET). FRET is a process by which energy is non-radiatively transferred between two dipoles, typically the transition dipole moments of two fluorophores that are referred to as donor and acceptor. Efficient energy transfer requires the emission spectrum of the donor to overlap with the excitation spectrum of the acceptor, which satisfies the resonant (equal energy) condition. Energy transfer efficiency depends very strongly on the distance between the two dipoles (R), and is
, where R 0 is the Förster radius at which half of the energy is transferred. The Förster radius is typically in the 30-80 Å range, but depends on the spectral properties of the fluorophores, their relative orientation and their local environment. 70 Owing to its distance-dependence, FRET is regularly referred to as a "molecular ruler" to probe inter-and intramolecular distances in biological systems. 54, 121 Experimentally, the lack of information on relative fluorophore orientation makes it challenging to determine the exact energy transfer efficiency. 122 Therefore, the apparent energy transfer efficiency is often smFRET is a popular and adaptable approach to study biomolecular mechanisms of isolated molecules because FRET provides the sensitivity and selectivity necessary to detect single molecules dynamics in real time (Table 1) . 70, 123 It has, therefore, been applied to study both the interaction of surface-immobilized RNAs with a helicase, 121, 124, 125 and to probe helicase conformational dynamics in solution. [126] [127] [128] [129] By monitoring individual molecules, smFRET can help reveal sample heterogeneity and the presence of transient intermediates. microscopy. 130 An interesting solution to this problem is the use of protein induced fluorescence enhancement (PIFE), which requires only one label. 135, 136 Cyanine dyes, which consist of two aromatic moieties linked by a polymethylene chain, can adopt cis and trans conformations, but the latter conformer exhibits considerably higher fluorescence quantum yield. 137 Therefore, cis-trans isomerization decreases the apparent quantum yield of cyanine dyes and their fluorescence lifetime. 137 The principle behind PIFE relies on a local increase of the viscosity of the fluorophore environment due to the proximity of a protein, resulting in hindrance of the cis-trans isomerization and hence, altered fluorophore quantum yield. This allows to directly monitor protein binding and dissociation dynamics. 135, 136, 138 However, in contrast to the ratiometric smFRET method that minimizes the effect of inherent emission fluctuations of single fluorophores, 139 PIFE data is prone to produce noisy data. Because specific environmental changes in the vicinity of fluorophores are challenging to predict, interpretation of experimental data requires careful calibration and well-designed control experiments.
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Helicase-assisted secondary structure conversion towards and against thermodynamic equilibrium. 140 Helicases are multifunctional enzymes that, not only separate double-stranded nucleic acids, but they can also drive structural rearrangements required for function. 141, 142 Interestingly, stable secondary RNA structures have been observed to be converted into thermodynamically less stable ones. 141 Shortly after the single molecule characterization of Ded1-catalyzed unwinding of RNA duplexes, 80 Jankowsky and co-workers used smFRET in conjunction with bulk biophysical methods to characterize Ded1-catalyzed RNA structure remodeling (Table 2) . 140 The authors studied whether Ded1 catalyzes conversion of a stable RNA duplex into a thermodynamically less stable one by first disassembling existing duplex structures, or through recruitment of multiple strands to form a tripartite intermediate (Fig. 3A) . To address this question, they designed a threestrand RNA substrate such that two, mutually exclusive, duplex structures of distinct stabilities could be formed (Fig. 3A , left and right). One of the strands contained a biotin label for surface-tethering, the second strand contained the donor fluorophore (Cy3) and the third strand contained the acceptor fluorophore Cy5 (Fig. 3A) . Therefore, the more stable duplex is characterized by Cy3 emission alone (i.e., zero FRET), the least stable duplex is characterized by the loss of the Cy3 strand (and thus, Cy3 fluorescence), and a possible tripartite complex by the presence of both Cy3 and Cy5 in close proximity (i.e., emission of both fluorophores via FRET). Having determined the equilibrium ratio of the two duplex structures under different conditions, the authors observed structural interconversion against thermodynamic equilibrium upon addition of Ded1 and ATP using non-denaturing gel electrophoresis. A gel mobility shift was accompanied by the generation of single-stranded RNA. In the absence of ATP, strand exchange was also observed, but to a lesser extent, and single-stranded RNA was not detected. revealed an RNA remodeling activity of the Ded1 helicase in addition to its previously known duplex unwinding activity. However, a limitation in this assay is that formation of the less stable duplex, which is characterized by the loss of the Cy3 strand, and thus, loss of both Cy3 and Cy5 fluorescence, could not be distinguished from Cy3 photobleaching. One possible alternative approach is to invert the labeling scheme, because formation of the tripartite complex would result in a high FRET signal followed by loss of Cy5 fluorescence, indicating strand exchange. An elegant way to rule out photophysical artifacts is by using alternating laser excitation (ALEX), which consists of exciting both fluorophores alternatively, thereby determined both FRET and fluorophore stoichiometry which unambiguously reports on photobleaching and blinking. 143, 144 Unwinding initiation by the viral RNA helicase NPH-II. 121 NPH-II is a viral SF2 helicase with NTP-dependent unwinding activity, which plays an important role in transcription termination and viral RNA export. [145] [146] [147] Experiments in vitro have shown that NPH-II unwinding initiation can be two-orders of magnitude slower than strand separation, thus making initiation the rate limiting step. 147 Interestingly, the enzyme can even hydrolyze hundreds of ATP molecules before unwinding. 147 This makes NPH-II an interesting model system to study unwinding initiation. After their initial smFRET study with Ded1, Jankowsky and co-workers characterized NPH-II-mediated dsRNA unwinding initiation using singlemolecule FRET. The authors surface-immobilized a Cy3-labeled dsRNA with a Cy5-labeled 3'-single-stranded overhang (Fig. 4A) . The overhang is required in vitro for NPH-II recruitment. 55, 145, 147, 148 Single-molecule time trajectories recorded under various experimental conditions (Fig. 4B ) were used to build time-binned FRET histograms that report on the conformational distribution of the 3'-end overhang ( Fig. 4C-H) . 71 In the absence of helicase, the free RNA yielded a distribution centered around 0.85 FRET (Fig. 4C) , as expected for the two fluorophores in close proximity (Fig. 4A) . Addition of NPH-II alone induced a conformational change in the RNA-NPH-II complex that led to two distinct conformations with FRET distributions centered at ~0.15 and ~0.33 (Fig. 4D) . Addition of ATP shifted the FRET distribution back to 0.85 ( Fig. 4E) . However, the time trajectories clearly revealed a rapid decrease in FRET followed by a loss of fluorescence, a signature indicative of helicase binding followed by duplex unwinding. To further test the mechanism, the authors replaced ATP by non-hydrolysable analogues blocking unwinding at different states of ATP hydrolysis. [149] [150] [151] [152] [153] [154] In the presence of ADP-BeF X (a ground state analogue), all three FRET states were observed (Fig. 4F) . Addition of ADP-AlF X (a hydrolysis transition state analogue) resulted in population of the two low FRET states (Fig. 4G) . And in the presence of the hydrolysis product, ADP, only the high FRET peak was observed (Fig. 4H ).
Based on these results and other ensemble-averaged control experiments, the authors proposed a two-state kinetic model for unwinding initiation, and explained it through alternating ssRNA/dsRNA binding properties of the protein at different stages of the ATPase cycle ( Fig. 4H) A future challenge will be to clarify why a high number of ATP molecules are often hydrolyzed prior to strand separation and which specific molecular events induce strand unwinding. This could be achieved by directly labeling the helicase in order to probe its conformational dynamics prior to unwinding, thus complementing smFRET experiments using fluorophore-labeled RNA substrates.
Single-molecule analysis of Mss116-mediated group II intron folding. 124 The
Saccharomyces cerevisiae DEAD-box helicase Mss116 is essential for mitochondrial group I and group II intron splicing in vivo (Table 2) . 157 Mss116 activity has been extensively studied in ensemble-averaged experiments using the D135 ribozyme, which is a minimal model system for the S. cerevisiae group II intron ai5γ. 158, 159 While Mss116 helicase activity depends on ATP binding and hydrolysis, the Mss116-mediated D135 folding mechanism is still not fully understood. As an ideal tool to dissect RNA folding pathways, smFRET experiments were performed to characterize Mss116-mediated D135 folding. 124 Fluorescently-labeled D135 ribozymes were surface-immobilized onto PEG-coated quartz slides via a biotin-streptavidin linkage, 160, 161 and FRET was measured using total internal reflection fluorescence (TIRF) microscopy (Fig. 5A) . 162 Previous smFRET studies have shown that, in the absence of Mss116, D135 requires high Mg 2+ concentrations for efficient folding in vitro. 162 Moreover, the presence of Ca 2+ altered the ribozyme's structural dynamics and impeded its function. 163 Building averaged FRET histograms from over 100 individual time trajectories recorded under precedented high-salt conditions suggested the presence of three distinct FRET states (Fig. 5B) . 162 As group II introns fold in an Mg 2+ ion-dependent fashion, 164 it was rationalized in an earlier smFRET study conducted at different Mg showed that Mss116 alone can induce the formation of all three FRET states, albeit structural conversion is promoted to a lesser extent. Similar results were obtained for the non-hydrolysable ATP analog AMPPNP (Fig. 5F ). Since Mss116 can facilitate formation of N both in the presence and absence of ATP, the authors proposed that ATP hydrolysis may play a role in Mss116 dissociation and recycling to increase helicase-assisted folding efficiency.
As an inherent advantage, smFRET provides a direct means to characterize the ribozyme's dynamics and to identify the presence of subpopulations. Single-molecule time traces revealed the presence of two subpopulations: static molecules that did not undergo any changes in FRET during the observation time (minutes) and dynamic molecules that displayed FRET transitions. In the absence of Mss116 and under high salt conditions, the dynamic subpopulation represented ~25% of the observed molecules (Fig. 5G, red) .
Decreasing the ionic strength to near physiological levels, decreased the dynamic population to below 5% (Fig. 5G, green) . Under these ionic conditions, addition of Mss116 and ATP increased the dynamic population to ~35% (Fig. 5G, blue) . FRET values can make this analysis challenging. 61 A powerful alternative is the use of hidden Markov Models (HMM) to analyze the smFRET trajectories, and to determine the folding rate constants and characterize the energy barriers on the folding pathway (Fig. 5H ).
In the absence of Mss116, high salt was found to accelerate the folding reaction by ~3-fold, while slowing down the unfolding reaction by ~2-fold. Interestingly, addition of Mss116 and ATP had a similar effect. These results indicate that Mss116 functions by decreasing the activation barriers between folding intermediates and by stabilizing the native state.
In summary, this study showed that the ribozyme folds through a series of obligatory intermediates and that Mss116 functions by facilitating formation of specific species ( leads to complex data analysis. For example, the free rotation assumption of the cyanine dyes may not hold true. However, the authors carried out anisotropy measurements to address this issue. 162 Alternatively, linearly polarized nanosecond ALEX can help monitor fluorophore rotational freedom in real time.
144
Cytosolic viral sensor RIG-I is a 5'-triphosphate-dependent translocase on doublestranded RNA. 135 During viral infections, the Retinoid acid Inducible-Gene protein (RIG-I) specifically recognizes 5'-triphosphate on viral RNA and subsequently initiates the antiviral immune response in the host (Fig. 6 and Table 2 ). 165, 166 RIG-I has a modular structure comprising two N-terminal caspase activation and recruitment domains (CARDs), a central ATPase domain, required for antiviral signaling, and a C-terminal regulatory domain (RD). 167, 168 In a recent study, Myong and co-workers employed smPIFE to characterize the role of the central domain and to address whether RIG-I action is primarily induced by the presence of a 5'-triphosphate or the prevalence of dsRNA, both of which are characteristic markers of viral RNA. 135 They assessed ability of the full length protein (wtRIG), as well as two truncated versions of RIG-I (RIGh and svRIG) to recognize different DY547-labeled RNA substrates, followed by translocation along a stretch of dsRNA ( Fig. 6A-C) . 135 In an initial set of experiments, fluorophore-labeled dsRNA devoid of a 5'-triphosphate was surface-immobilized onto a polymer-passivated quartz slide (Fig. 6A) . 135 RIGh binding to the dsRNA resulted in sharp fluctuations of DY547 fluorescence in the single molecule trajectories (Fig. 6D ) that became more frequent in the presence of both RIGh and ATP. 135 To test whether RIGh translocates during upon substrate binding, the authors measured the distribution of dwell times between fluorescence bursts using 25 and 40 basepair dsRNA. As expected for a translocating enzyme, the distribution of dwell times in the bound state increased for the substrate with the longer end-to-end distance ( Fig. 6C ). The single molecule PIFE trajectories and the resulting dwell time histograms (Fig. 6C) revealed that svRIG behaves similar to RIGh, indicating that translocation activity was restored for svRIG. These results confirm that both CARD domains of RIG-I are required to suppress translocation activity in the absence of the 5'-triphosphate. 169 Next, the authors evaluated the effect of a 5' triphosphate attached to a single-stranded overhang on RIG-I translocation ( (see the section on NS3). We believe that technical advances will continue to contribute to making single-molecule spectroscopy more robust. Current efforts aim at the development of multidimensional FRET to simultaneously map multiple domains, a new generation of fluorophores with improved photostability and higher spatial and temporal resolution. 65, 78, 131, [171] [172] [173] We anticipate that such technical improvements will ultimately lead to imaging folding of single RNA molecules inside live cells, which will provide further fascinating insights into the function of RNA helicases.
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ACKNOWLEDGEMENTS
Work in the Rueda and Sigel labs is supported by the NIH (GM085116, DR), the NSF (MCB-
075068
TABLES
